Results-A significant correlation was found between "low pass filtered" pressure and PD, but no correlation was found between amplitudes of isolated contractions and PD changes. During repeated phasic contractions (phase III of migrating motor complex), PD increased at a rate that was higher in the duodenum than in the jejunum, and higher in patients with villus atrophy than in healthy controls. After reaching a peak, PD decreased despite continuing phasic motor activity, provided that there was no concomitant increase in mean pressure. Fluid secretion increased roughly in parallel with PD, except at the very end of the cycle. Conclusions-To explain these findings, one has to postulate participation of at least two types of receptor: a slowly adapting pressure sensitive receptor and another mechanoreceptor, possibly a mucosal touch receptor, to account for the run down phenomenon. This model predicts that short lasting trains of contractions, so called discrete clusters, will be a particularly potent stimulus for activation of mucosal secretion.
There is strong evidence for an interaction between intestinal motility and epithelial secretion, [1] [2] [3] but the mechanism is not altogether understood. The linkage is probably mediated by the enteric nervous system, [4] [5] and the eVector mechanism seems to be opening of the cystic fibrosis transmembrane conductance regulator. 6 The association phenomenon is resistant to atropine, 7 extrinsic denervation of the segment, 4 8 selective damage to the myenteric plexus, 8 and villus atrophy caused by coeliac disease. 3 9 To account for all these findings, one has to postulate that the entire circuitry, including the receptor, is confined to the mucosa and the submucous ganglia. A similar reflex seems to exist also in the proximal duodenum 10 and the distal colon.
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The physiological and pathophysiological role of this linkage mechanism is not known. Various "pathological" motor patterns have been described in severe dyspepsia, 15 irritable bowel syndrome, 16 and intestinal pseudoobstruction, 17 but it is not known how these patterns aVect intestinal epithelial function. The linkage mechanism may be mediated by mucosal touch receptors 18 or myenteric stretch/ tension receptors, 19 and may at least be modulated also by luminal chemoreceptors. 20 Previous studies of pressure-transmural potential diVerence (PD) linkage have mainly been descriptive, and no attempt has been made to quantify the linkage function in humans. It has also been assumed that the PD increase that occurs during periods of intense motility is accompanied by net fluid secretion, but this has not yet been confirmed. In fact, it can by no means be excluded that intense motor activity may also aVect electrically silent sodium absorption, either through neural mechanisms 21 or by increasing the functional surface area, for example. 22 In the experiments described below, we tried to quantify the relation between interdigestive motility and epithelial function. By analysing in detail how the linkage mechanism responds to changes in pressure and frequency, we hoped to draw conclusions about the type of receptor involved. This type of information should make it possible to predict and understand the secretory consequences of normal and pathological intestinal motor patterns.
Materials and methods
The subjects were 21 healthy people (four men and 17 women, mean age 28, range 20-43) and three patients with duodenal villus atrophy (one man and two women, aged 21, 24, and 49). None of the healthy volunteers had any history of gastrointestinal disease or was taking any medication. The diagnosis of villus atrophy was made on duodenal biopsy specimens obtained during gastroscopy, as part of a diagnostic work up for suspected coeliac disease. 9 The experimental protocol was approved by the ethical committee at Sahlgrenska University Hospital, Göteborg, and all participants had given informed consent.
GENERAL DESIGN OF THE STUDY
Two series of experiments were performed. In the first series (n = 17), we studied the quantitative linkage between pressure waves and corresponding changes in PD. In most of these experiments, recordings were made from both distal duodenum and proximal jejunum. In the second series (n = 21), we used a perfusionaspiration technique to measure simultaneously motor activity, PD, bile release, and net fluid transport (NFT) in the distal duodenum.
After fasting overnight, the subjects came to the laboratory at 7.30 am, and were then transnasally intubated with a multilumen catheter. The correct position of the tube was checked by intermittent fluoroscopy. The total duration of the experiment was about four hours.
DIGITAL SYSTEM FOR RECORDING OF INTRALUMINAL PRESSURE AND TRANSMURAL PD
In the first series, we used a commercially available computerised system (Synectics Medical, Stockholm, Sweden) for simultaneous recordings of interdigestive motility and PD. The principle behind the set up is that a saline infusion is used as a flowing electrode, and the potential diVerence between the infused solution and the subcutaneous compartment is measured with calomel half cells. 2 3 The intestinal multilumen catheter (Arndorfer Inc, Greendale, Wisconsin, USA) had an outer diameter of 4.6 mm, a central lumen of 1.8 mm for a guide wire, and three channels with a diameter of 0.8 mm ending 2, 17, and 32 cm from the tip of the tube. These three recording side ports were placed in the proximal jejunum, at the duodenojejunal flexure, and in the midduodenum respectively. Each channel was perfused separately with isotonic saline at a rate of 0.3 ml/min through narrow capillaries under low compliance conditions. Inflow pressure was recorded by pressure transducers connected to a polygraph (PC Polygraph; Synectics), which converted the voltage signal into digital information at 4 Hz. PD was recorded in the mid-duodenum and the proximal jejunum by calomel half cells (K 401; Radiometer, Copenhagen, Denmark) connected to the infusion lines by salt bridges. The reference electrode consisted of a saline filled plastic cannula (Venflon; outer diameter 1.0 mm; Viggo-Spectramed, Helsingborg, Sweden) inserted subcutaneously into the left forearm. The voltage signal was filtered and processed by a specially constructed high impedance amplifier, and the data were transferred from the polygraph to an IBM compatible computer through a fibreoptic interface. The individual recording was displayed on the computer screen during the experiment and was stored on the hard disk for later analysis. Mean values for intraluminal pressure and transmural PD were calculated by the software of the supplier (Polygram 5; Synectics).
DATA ANALYSIS AND EXPRESSION OF RESULTS
Three specific aspects of the motility-PD linkage were analysed: (a) the relation between the amplitude of isolated contractions and concomitant PD changes; (b) the relation between "low pass filtered" slow changes in pressure and PD; (c) PD changes occurring during sustained phasic motor activity at slow wave frequency (migrating motor complex (MMC) phase III).
(a) The analysis of the relation between the amplitude of isolated contractions and concomitant PD changes was performed in a randomly chosen subgroup (n = 5) in which all isolated contractions were studied (n = 47). Isolated contractions were defined in this context as those with an amplitude of 15 mm Hg or more, preceded and followed by motor quiescence for at least 60 seconds. The onset PD was defined as the PD value before the start of the contraction. A contraction related PD increase was defined as an increase in PD that started before the end of the individual contraction. The amplitude of this PD wave was defined as the maximal increase in PD attained in association with the wave.
(b) The pressure response to a contraction wave is virtually instantaneous, but the PD response is slower, being limited by the reactivity of the epithelium. To compare quantitatively pressure and PD changes under similar time resolution conditions, the two signals were low pass filtered in the following way: mean pressure and PD values were first read at 30 second intervals, from the original curve. Each consecutive pair of data was then replaced with their mean, and this procedure was repeated twice, on the calculated mean values-that is, each final value was to some degree influenced by the original 30 second data from a four minute period. This procedure thus "blunts" short lasting phasic events, but has only a minor influence on slow steady changes in the signal, an eVect similar to low pass filtration of the data.
(c) PD changes before, during, and after phase III were studied in control subjects (duodenum and jejunum) and also in the three patients with villus atrophy (duodenum only). Pressure and PD during phase III were analysed at 10 second intervals. The onset of phase III activity was defined as the first 10 second interval of the period fulfilling phase III criteria. The onset of the phase III associated PD rise was defined as the first time point in the first series of five sequential PD increases. The peak values for pressure and PD were defined as the maximal value recorded during phase III activity. The initial slope of the rising phase of the PD curve was calculated by linear regression from the first five 10 second points, starting from the onset of the PD curve.
When comparing the pressure and PD pattern in the duodenum and jejunum, we studied three defined periods: phase III, phase I-II (first 30 minutes of cycle), and late phase II (last 30 minutes of cycle). During phase III, we also measured peak values, the time required to reach peak values, and the mean upward slope of the PD curve. In contrast with the initial slope, which was based on the first five 10 second values, the mean slope was calculated by linear regression from all data points between onset and peak value. The reason for the diVerent mode of calculation was that the start of the jejunal PD increase was sometimes less distinct than in the duodenum, resulting in the risk of a large error if the slope was extrapolated from only a few initial values. To evaluate if the slope and maximal value of the phase III associated PD curve was related to mucosal secretory function, we also measured these variables in three patients with hypersecretion resulting from villus atrophy. Altogether eight phase III periods were obtained in these experiments.
TECHNIQUE FOR MEASUREMENT OF BILE RELEASE AND NET FLUID TRANSPORT (SECOND SERIES)
To quantify these parameters, we used a modified triple lumen perfusion technique that has been described in detail elsewhere. 7 9 Briefly, a specially designed tube containing one infusion channel, two aspiration channels, and two pressure/PD channels was placed with its tip at the duodenojejunal flexure. An isotonic electrolyte solution (composition in mmol/l: 122 NaCl, 4.7 KCl, 1.2 KH 2 PO 4 , 25 NaHCO 3 , 1.2 MgCl 2 , 30 mannitol) was preheated to 37°C and infused through the most proximal channel ending just distal to the papilla Vateri. The solution also contained poly(ethylene glycol) (molecular mass 4000 Da) at a concentration of 2 g/l as a non-absorbable volume marker. The reason for using the Krebs/mannitol solution is that mannitol can be conveniently replaced with glucose without changing the osmolarity or electrolyte contents. The infusion rate was about 6 ml/min, the exact rate being determined in each experiment. After a 40 minute equilibration period, fluid was aspirated manually in 15 minute aliquots through the two aspiration channels ending 5 cm ("proximal aspiration") and 15 cm ("distal aspiration") distal to the infusion site. The distal aspirate was collected five minutes after the proximal aspirate to compensate for the mean transit time in the test segment. The concentration of PEG in the proximal and distal aspirate was determined turbidimetrically. 23 The concentration of bilirubin in the proximal aspirate was measured by a technique based on the accelerated diazo reaction. 7 9 Bilirubin release (Q bil ) was calculated from the total volume flow and the bilirubin concentration ([bilirubin]) at the proximal aspiration site:
NFT in the 10 cm test segment was calculated from the flow volume entering the test segment (Q pr ) minus the proximal aspiration rate (0.7 ml/min), and the dilution of PEG between the proximal and distal aspiration sites according to the following equation: NFT = (Q pr − 0. Intestinal motor activity was measured by a pneumohydraulic system similar to that described above (modified from that of Arndorfer and colleagues 24 ). Sterile water or isotonic saline (for PD recording) was infused at a rate of 0.3 ml/min through two separate polyethylene catheters (Pk 50; 0.58 × 0.965 mm; Meteko Instrument AB, Hägersten, Sweden) ending 2 cm distal to the infusion site and at the tip of the tube. Infusion pressure was continuously recorded by connecting the infusion lines to Statham pressure transducers (23 DC; Statham Instruments, Oxnard, California, USA), and the signal was displayed on a Grass polygraph (model 7D; Grass Instruments, Quincy, Massachusetts, USA). A contraction was defined as a phasic pressure wave with an amplitude of at least 8 mm Hg, and the contraction frequency-that is, numbers of contractions per minute-was calculated manually from the paper recordings.
DATA ANALYSIS AND EXPRESSION OF RESULTS
The duration of a full MMC cycle (defined as the time between the end of two consecutive phase III periods, see below) normally varies considerably both between and within subjects. 25 26 To study transport as a function of time in groups of subjects, one has to generate artificially a common time scale. This was achieved by dividing each MMC cycle into 20 equal-that is, 5%-time intervals, each interval being represented by the corresponding values for NFT, bile release, and the mean contraction frequency recorded during the same (15 minute) time period. NFT, bile release, and contraction frequency were then plotted against a common time scale expressed as percentage of the full cycle length. 27 The frequency recording (which was read at one minute intervals) was thus deliberately "blunted" to generate the same time resolution as in the NFT measurements.
ANALYSIS OF COVARIATION BETWEEN MOTILITY, BILE RELEASE, AND NFT
The bilirubin concentrations in particular varied considerably both within and between subjects, and we therefore considered parametric tests based on confidence intervals to be inappropriate. The variability was, however, much smaller at the start of the MMC cycle. We therefore first measured mean transport rate at its highest value (maximal absorption), which occurred in the 20-25% interval of the cycle. We then tested the probability that a 2 SD change in transport rate in the secretory direction was predicted by either a 2 SD increase in motor activity or a 2 SD increase in bile release, or a combination of the two. The material for this calculation consisted of 13 full MMC cycles.
COMMENTS ON POLARITY OF PD SIGNAL
The polarity and magnitude of the PD signal depend on the perfusate. With our Krebs/ mannitol perfusate, the "basal" PD is usually slightly lumen negative (0-2 mV) and it becomes more lumen negative during increased motor activity. To avoid confusion, the sign of the PD signal consistently refers to the luminal polarity-that is, PD is generally given a negative sign.
DEFINITIONS OF MMC PERIODS
These were as follows: + phase I: motor quiescence (two contractions/10 min, or less) after a phase III period; + phase II: periods not fulfilling phase I or phase III criteria; + phase III: propagating maximal motor activity at slow wave frequency (10-12/min in the human proximal small intestine) with a duration of at least two minutes; + phase I-II: first 30 minutes after, but not including, phase III; + late phase II: last 30 minutes preceding, but not including, phase III; + full MMC cycle: time between two consecutive phase III periods.
STATISTICAL ANALYSIS
All results are expressed as mean (SE). In the statistical analysis of the relation between contraction frequency, NFT, and transmural PD, we used a non-parametric analysis of variance for repeated measurements (Friedmans F test).
In the analysis of the relation between mean pressure and PD during the whole MMC cycle, we first low pass filtered the dynamic pressure and PD changes as described above.
The resulting values were then plotted in an x-y diagram, and the significance of the slope of the resulting regression line was tested by linear regression analysis and analysis of variance. The significance of diVerences between groups was tested with the non-parametric Wilcoxon test and the Mann-Whitney U test. p<0.05 was regarded as statistically significant.
Results

QUANTITATIVE ANALYSIS OF PRESSURE-PD RELATION
Analysis of individual contractions
The relation between the contraction amplitudes and the resulting PD changes was studied in a randomly chosen subgroup of subjects (n = 5), in which all isolated contractions (for definition, see methods) exceeding 15 mm Hg were measured and analysed. Table 1 summarises the data. Isolated phasic contractions always resulted in a more lumen negative PD, but in the whole material (n = 47), there was no significant correlation between the amplitude of individual contractions and the associated changes in PD (r 2 = 0.058). The mean amplitude of the PD deflection induced by a single contraction in the whole material was − 0.36 (0.04) mV. Both contraction amplitudes and the amplitude of the PD deflections were significantly lower during the first part of the cycle. The "gain" of the response-that is, the increase in PD per unit pressure increasetended to be higher at the end of the cycle (phase I-II: − 8.5 (1.7) µV/mm Hg; late phase II: − 13.9 (2.0) µV/mm Hg), but this diVerence did not reach significance (Mann-Whitney U test, p = 0.08).
Relation between slow changes in pressure and PD during a full MMC cycle
During the entire MMC cycle except in late phase III, pressure and PD changed approximately in parallel. The maximal rate of increase in PD is obviously limited by the responsiveness of the epithelium-that is, a relatively slow process. To eliminate the impact of this phenomenon, we low pass filtered both the pressure and PD curves, using the mode of recalculation described in the methodological section. This was performed in the seven experiments in which we registered a full MMC cycle with the digital recording system. Figure 1 gives an example of low pass filtered pressure and PD signals from one subject. It can be seen that the pressure and PD curves are essentially mirror images of each other. This phenomenon was quantified by plotting the low pass filtered pressure and PD data against each other. Figure 2 shows the resulting plot from the same subject. Similar results were obtained in the other subjects: the correlation between pressure and PD was in all cases highly significant (r = 0.84 (0.03); range 0.70-0.94). The mean slope of the regression lines was −0.33 (0.07) mV/mm Hg (range −0.15 to −0.71 mV/mm Hg)-that is, when low pass filtered pressure increased by 1 mm Hg, the mean PD became 0.33 (0.07) mV more lumen negative. 
Analysis of PD changes during sustained phasic motor activity (phase III)
At the start of phase III, duodenal PD started to increase (become more lumen negative) without any measurable time delay (4 (4) s). The initial slope of the PD curve was relatively constant in the diVerent experiments (−101 (9) µV/s, range −58 to −142). In 13/22 phase III periods, the PD waves associated with the individual contractions were also readily discernible during the rising phase ( fig 3A) . This figure also illustrates that, with reservations for limitations set by the sampling frequency (4 Hz), there was no measurable time delay between the start of the individual contraction and the associated PD wave (fig 3A) . During 9/22 phase III periods, the PD waves disappeared during the rising phase.
PD eventually reached a maximal (most negative) value that was relatively constant between experiments (range in whole material −7.5 to −12.5 mV). In 3/22 cases, the PD waves disappeared during this peak period. PD then began to fall, despite continuing phasic motor activity. However, in 21/22 cases, individual contractions were still associated with PD waves during this "escape" period. The responsiveness of the system was particularly obvious in one case ( fig 3B) in which we saw a sustained increase in mean pressure during the escape period. It can be seen that, during this period, PD again started to rise. This pattern was, however, very uncommon. Mean pressure consistently reached its maximal value after the PD peak (+ 31 (7) seconds, p<0.01), and then decreased slowly despite continuing phasic motor activity. The decrease in PD approximately followed a monoexponential curve, with a half time of about two minutes (mean value 110 seconds).
The relation between pressure and PD was grossly similar in the duodenum and jejunum, but there were quantitative diVerences before, during, and after phase III between the two segments (table 2). During late phase II, luminal pressure was significantly lower in the jejunum. PD was lower (less lumen negative) in the jejunum during both phase I-II and late phase II. The peak pressure, but not the peak PD, was also lower in the jejunum. In both segments, the PD peak occurred before the pressure peak, but the time to reach peak pressure or peak PD values was significantly longer in the jejunum, and this diVerence was also reflected by a less steep mean slope of the jejunal PD curve. There was no significant correlation between the mean slope of the pressure and PD curves in individual experiments in either the duodenum or the jejunum.
To test if the slope and peak of the phase III related PD increase depends on mucosal secretory function, we also recorded eight phase III periods in three patients with villus atrophy. In the controls (n = 9), the slope of the PD curve was −102 (7) µV/s and the peak PD value was -9.2 (0.7) mV. In the patients with villus atrophy, both these values were significantly elevated: (slope: −199 (42) µV/s, p<0.01; PD (peak): −17.1 (0.9) mV, p<0.001). The least negative PD was obtained during MMC phase I (10-15% of cycle). A significant increase in PD (more lumen negative) occurred in the 75-80% interval (p<0.001) and the highest (most lumen negative) PD was attained during phase III (95-100% interval). Figure 5A shows the time course of the MMC related changes in contraction frequency and NFT. The same time resolution was used when calculating motility changes and transport changes (15 minutes; see Materials and methods for details on the calculations). When recorded with this relatively low time resolution, the lowest motor activity occurred in the 25-30% interval and the increase became significant in the 65-70% interval. The maximal motor activity occurred during the 90-95% interval. The corresponding curve for NFT showed a maximum absorption in the 20-25% interval, and the change in the secretory direction also became significant in the 65-70% interval (p<0.01, non-parametric analysis of variance). However, transport rate then again returned towards control levels before the start of phase III, the change no longer being significant after the 80-85% interval.
Figure 5B shows the time course of luminal bilirubin release. Absolute release rates varied considerably, and for the sake of clarity, median values only are given. It is seen that luminal bile release also increased during the last half of the cycle. To quantify the relative importance of motor activity and luminal bile, we calculated the predictive value of a 2 SD increase in motor activity and a 2 SD increase in bile release, to detect a 2 SD change in NFT in the secretory direction (see Materials and methods). Motor activity itself had a predictive value of 50 (5)% and bile release itself a predictive value of 65 (7)%. However, the predictive value of a combination of motor activity and bile release was 79 (5)%, which was significantly higher than both motor activity only (p<0.01) and bile release only (p<0.05). Bile in the lumen thus further increased the probability of fluid secretion.
Discussion
When measuring over hours, we found a quantitative linkage between low pass filtered pressure and PD changes with an amplification factor of around 0.3 mV/mm Hg, but isolated contractions only gave rise to very small, apparently amplitude independent, PD waves. During a longer period of repeated lumen occlusive phasic contractions (MMC phase III), PD first rose rapidly to a peak value, at a rate that was higher in the duodenum than in the jejunum and higher in patients with villus atrophy than in controls. PD then returned towards control values, despite continuing phase III motor activity and a seemingly intact PD response to isolated contractions. Surprisingly, the pronounced PD increase during phase III was not accompanied by any measurable change in NFT.
Some of the apparent paradoxes of this pattern may be due to the appreciably diVerent time course of the pressure, PD, and fluid transport signals. The pressure signal is both (7) −55 (7)* Data are mean values during the corresponding periods for phase I-II and late phase II. The phase III peak value is the highest value recorded during phase III (time resolution 10 seconds). The time to peak is the time from phase III onset to the peak value. The mean slope of the PD curve was calculated by linear regression from all points between phase III onset and the PD peak. The upward slope is given as a positive value. Data are mean (SEM). *p<0.05, significant diVerence from duodenal values. technically and biologically virtually instantaneous. The PD signal is technically also fast, but biologically slower, as it depends on activation of a secretory membrane process. The water transport signal, finally, ought to be biologically similar to the PD signal, but is technically very slow, as it can only be measured by perfusion techniques based on intermittent sampling, which by necessity gives a poor time resolution.
Figure 4 Contraction frequency (upper graph) and transmural potential diVerence (PD) (lower graph) during a full migrating motor complex (MMC) cycle. The original data (before expression as % of full MMC cycle) had a time resolution of one minute. Values are mean (SE) (n = 8).
Phase III is a good starting point for the interpretation, as it gives a sustained pressure increase, which thus eliminates the eVects of the slow biological time course of the PD signal. At the start of phase III, PD increased at a rate that varied moderately between subjects. The mean rate of increase was around 0.1 mV/s. This value was in itself a variable, as it was significantly lower in the jejunum and higher in the patients with villus atrophy. Patients with villus atrophy have a potentiated secretory response to motor activity, 3 9 and the steeper slope may therefore reflect a higher secretory capacity of the mucosa. If one accepts this interpretation, the lack of correlation between amplitudes of phasic contractions and PD deflections is not surprising: in the proximal small intestine, a phasic contraction has a duration of about five seconds (60/slow wave frequency). With a maximal responsiveness of the PD signal of about 100 µV/s, one would expect a deflection of 0.5 mV, which is close to the observed mean value (0.36 (0.04) mV). This interpretation seems to be at variance with previous studies by Read and coworkers, 2 3 who described PD waves with an amplitude that exceeded by severalfold that seen during isolated contractions in the present study. However, when the original figures presented in these papers are looked at more closely, the contraction waves associated with these large PD changes invariably had a duration of 20 seconds or more-that is, they probably represented cluster contractions rather than isolated spike potentials. In our own material, we also occasionally saw clusterlike contractions, and they were consistently associated with PD increases in the same range (several millivolts) as that reported in the quoted papers (H Sjövall, unpublished).
To eliminate the eVect of the slow time course of the PD response, we low pass filtered both pressure and PD data, and studied their correlation during a full MMC cycle-that is, over hours. We found that the pressure and PD curves thus treated were virtually mirror images of each other, with a mean linkage factor of −0.33 (0.07) mV/mm Hg. This means that, given suYcient time, a pressure increase of 1 mm Hg will make the PD 0.33 mV more lumen negative.
An advantage with phase III is that it leads to a sustained increase in mean pressure which eliminates the eVect of the slow time course of secretion. We did see the expected increase in PD at the start of phase III, but after about 100 seconds, PD again started to decrease despite continuing phasic motor activity. In all experiments except one, phasic contractions were still associated with PD waves during the escape period. The intact responsiveness of the system was particularly obvious in one case in which there was a sustained increase in mean pressure during the escape period, which led to a clear cut notch in the PD curve.
There are essentially three types of receptors that may generate this complex pattern: muscular stretch and/or tension receptors, 19 mucosal "touch" receptors, 18 28 and mucosal chemoreceptors. 20 The finding of a quantitative relation between pressure and PD over hours strongly supports the concept that a muscular receptor is involved. A receptor population that should be able to convey this type of information is one recently described by Kunze et al. 19 These neurones, with their cell bodies in the myenteric plexus, are very slow to adapt, and respond to tension rather than to stretch, as firing is reduced by paralysis of the smooth muscle. 19 On the other hand, this model is apparently at variance with the finding of See and colleagues 8 that the pressure-PD linkage remains intact after chemical damage to the myenteric plexus with benzyldimethyltetradecylammonium chloride. It should, however, be remembered that neurones may fire unspecifically in response to mechanical deformation, and it remains to be shown that the quantitative motility-secretion linkage remains after myenteric plexus ablation.
The intestinal mucosa also contains mechanoreceptors that respond to tactile stimuli. 18 28 29 Some of them seem to have their cell bodies in the submucous plexus 28 and others in the myenteric plexus. 18 It is very hard to envisage how a receptor of this type could sense the "slow" changes in mean pressure over hours, but they may nevertheless play an important modulatory role, particularly during phase III. During this period, contractions are lumen occlusive, which should lead to pronounced activation of these receptors by compression. 29 It has previously been shown that simultaneous activation of touch and tension receptors has a potentiating eVect on the ascending excitatory component of the peristaltic reflex, 29 and prolonged stimulation results in a modality specific run down of the reflex response, 30 with a time course similar to that of the escape of the PD signal during phase III. In virtually all of our experiments, the PD waves associated with individual contractions remained throughout the escape period, a finding that seems incompatible with run down of the tension receptor. One therefore has to postulate that this phenomenon was due to run down of another receptor, possibly a touch receptor. The details are, however, not clear and need to be studied in a better controlled system.
Mucosal chemoreceptors with their cell bodies in the myenteric plexus respond to acid, base, or fatty acids. 20 Chemoreceptor activation also potentiates the reflex response to touch or tension receptor activation. 30 In particular, the fluid transport response had a time course that was strikingly similar to that of luminal bile release, and luminal bile also increased the probability of fluid secretion at a given rate of motor activity. It has previously been shown that the presence of bile in the lumen increases the probability of phase III activity, 31 supporting a net excitatory eVect on enteric neurones also at physiological concentrations. It can therefore by no means be excluded that activation of chemoreceptors by luminal bile may potentiate a primarily mechanosensitive reflex mechanism.
Finally, some comments are warranted on the dissociation between PD and NFT at the very end of the MMC cycle. Theoretically, the formulas behind the triple lumen perfusion technique are based on the prevalence of "steady state conditions". 32 This assumption is obviously incorrect during phase III itself, and possibly also at the very end of phase II and beginning of phase I. Net transport data obtained in the association with phase III should therefore be interpreted with some caution. In previous studies 33 with the duodenal triple lumen perfusion technique, we have for this reason excluded the period containing phase III activity from the calculations.
In the proximal small intestine, electrically silent fluid absorption occurs by a villus Na + /H + exchanger. 21 We recently used duodenal bicarbonate absorption to indirectly measure duodenal Na + /H + exchange activity in humans, and found evidence for tonic cholinergic inhibition of this transporter during the first part of the MMC cycle. 21 In a recently completed series of experiments, we also found that duodenal bicarbonate uptake was considerably enhanced during periods of high motor activity (late phase II and phase III of MMC), and during these periods, we also saw a significant increase in luminal PCO 2 levels. 34 These data are entirely compatible with increased absorption by Na + /H + exchange, because of improved stirring of the luminal contents. One possible explanation for the apparent "waning" of the net fluid secretion before the start of phase III may therefore be that the secretory water flux generated by electrogenic chloride secretion was overridden by increased eYciency of electrically silent sodium absorption.
To conclude, our findings confirm and extend the results obtained in the pioneer studies by Read, Greenwood and coworkers. The quantitative data and the current neurophysiological evidence do not support the idea that the linkage is solely mediated by a reflex confined to the mucosa-submucosa. The most simple scheme that accounts for the behaviour of the system is a reflex triggered by a slowly adapting tension receptor, the gain of which is modulated by mucosal touch receptors and possibly also by luminal chemoreceptors. From these observations, it can be predicted that the most potent stimulus for electrogenic secretion is lumen occlusive phasic pressure activity with a duration of less than 100 seconds-that is, shorter than the start of the adaptation phenomenon. Incidentally, exactly this type of pattern, which is called "discrete clusters", has been reported to occur often in patients with both functional dyspepsia and diarrhoea-prone irritable bowel syndrome. [15] [16] [17] This study was supported by the Swedish Medical Research Council (grants 8288 and 10328). The excellent technical assistance of Irmelin Hagman is gratefully acknowledged.
